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Abstract: The acceptance of liquefied petroleum gas (LPG) cookstove has increased
across the country in recent years; however, their performance has not been
investigated and established. To achieve this, laboratory tests were carried out to
evaluate the thermal efficiency, and industrial combustion analyser (E-instrument
E8500) was then used to characterize and quantify the air emissions from com-
bustion of conventional LPG cookstoves in the country. The average thermal effi-
ciency for all tested burners was 66.267 ± 7.218% meeting Tier 4 of the
International Organization for Standardization, International Workshop Agreement
11. The mean concentration of CO, NOx, HC, and SO2 was in the range of 3–530,
48–810.5, 99–4176, and 0–4,respectively,and the range of CO2 was 1,792–3,592 mg/
m3,which were compared with stationary source limit by Federal Ministry of
Environment Standard, Nigeria. The toxicity potential of NOx and SO2 was below
unity, 25% of the burners tested were below unity for CO, and HC was higher than
ABOUT THE AUTHORS
Bamidele Sunday Fakinle obtained his PhD in
Chemical Engineering from Obafemi Awolowo
University, Ile-Ife, Nigeria. He is a certified engineer
and a consultant in air quality and life cycle analy-
sis. He can be contacted at: xdales@yahoo.com
Olawale Daniel Oke obtained MSc in Chemical
Engineering from Obafemi Awolwo University, Ile-
Ife, Nigeria. His area of specialization is air quality.
Olayemi Abosede Odunlami obtained PhD in
Chemical Engineering from Obafemi Awolowo
University, Ile-Ife, Nigeria. She is a lecturer at
Covenant University, Ota, Nigeria.
Jacob Ademola Sonibare is a professor of
Chemical Engineering, Obafemi Awolowo
University, Ile-Ife, Nigeria. He is a consultant in air
quality and life cycle analysis. He can be contacted
at: asonibar@yahoo.com
Funso AlabaAkeredolu is a professor of Chemical
Engineering, Obafemi Awolowo University, Ile-Ife,
Nigeria. He is a certified engineer and a consultant
in air quality and life cycle analysis.
Olufemi Sunday Oni obtained MSc in Chemical
Engineering from Obafemi Awolwo University, Ile-
Ife, Nigeria. His area of specialization is air quality.
osnufy2k3@yahoo.co.
PUBLIC INTEREST STATEMENT
This study investigated the emission characteri-
zation and performance of conventional liquefied
petroleum gas (LPG) cookstove burners. To
achieve this, laboratory tests were carried out to
evaluate the thermal efficiency, the firepower,
and water boiling test (WBT), and industrial com-
bustion analyser (E-instrument E8500) was then
used to characterize and quantify the air emis-
sions from combustion of conventional LPG
cookstoves in the country. The quantified air
emission was then used to determine the toxicity
potential of the gas burners.
© 2019 The Author(s). This open access article is distributed under a Creative Commons
Attribution (CC-BY) 4.0 license.
Received: 26 June 2019
Accepted: 30 July 2019
First Published: 07 August 2019
*Corresponding author: Bamidele
Sunday Fakinle, Chemical
Engineering, Obafemi Awolowo
University, Ile-Ife, Nigeria
E-mail: xdales@yahoo.com
Reviewing editor:
Harvey Arellano-Garcia, University of
Surrey, UK
Additional information is available at
the end of the article
Page 2 of 18
Fakinle et al., Cogent Engineering (2019), 6: 1652228
https://doi.org/10.1080/23311916.2019.1652228
unity for all tested burners. Most cookstoves met the guidelines for CO, NOx, and
SO2. Hence, LPG in Nigeria could serve as a source of energy for cooking.
Subjects: Chemical Engineering; Combustion; Environmental Health; Pollution
Keywords: liquefied petroleum gas L; thermal efficiency; combustion; indoor air quality;
toxicity potential; energy
1. Introduction
The transition from fuelwood to kerosene for domestic cooking in Nigeria was smooth due to
government subsidies on kerosene, which increased the availability and affordability of the pro-
duct. However, in 2016, kerosene subsidy was removed, and this led to an increase in pump price
and the product became scarce due to its price doubling (Isihak, Akpan, & Adeleye, 2012). Cooking
with kerosene produces health-damaging air pollutants that are above the World Health
Organization (WHO) Air Quality Guidance levels; therefore, kerosene is now considered as
a polluting fuel and WHO recommends against using it as a domestic cooking fuel (WHO, 2014).
With scarcity of kerosene and unstable electricity from the national grid, adoption of liquefied
petroleum gas (LPG) for cooking in the country has improved. LPG is readily available and afford-
able in urban areas of Nigeria (Van Leeuwen, Evans, & Hyseni, 2017). It has also been established
as a source of energy used for cooking with expected health, economic, environmental, and social
benefits (Bruce, Aunan, & Rehfuess, 2017). LPG is the most convenient and clean fuel for domestic
use and is very popular these days (Rosenthal, Quinn, Grieshop, Pillarisetti, & Glass, 2018). LPG is an
exceptional energy source due to various advantages, which include clean cooking environment as
well as high heat content of the fuel (Wang, Liu, Huang, & Liu, 2016). The major potential hazard
with LPG is fire and explosion. Hazard may also rise at the point of use if ventilation is inadequate
and the products of combustion are not dispersed into the atmosphere (Ifegbesan, Rampedi, &
Annegarn, 2016). The risk associated with such hazards can be controlled using available proven
technologies, which include safety equipment and general procedures given by the LPG industries
or outlets. The user of this fuel should be able to recognize the smell of odourized LPG, the need for
care, and adequate ventilation (Hutton, Rehfuess, & Tediosi, 2007).
In domestic combustion system, the burner head plays a pivotal role in the combustion of LPG
fuel. An inefficient design of a burner often leads to an incomplete combustion. To solve this
problem, it is important to choose the correct design for the burner head and its material of
construction (Panigrahy, Mishra, Mishra, & Muthukumar, 2016). The classification of gas burner is
done by the size of the burner that mixes LPG and air before burning in the combustion chamber.
The primary purpose of using LPG burners is to produce the maximum heat possible when
combusting the fuel (Hou & Chou, 2013). The combustion in the burner of a domestic LPG cooking
stove takes place in a gaseous environment, and the flame stabilizes over the surface of the burner
(Singh, Chhabra, Sehgal, & Singh, 2017). There are many different types of burners with distinct
designs often made from different materials (Shen et al., 2018).
Several factors have been reported to be responsible for the efficiency of the cookstoves. In the
case of LPG burners, the design of the burner head, the design of the cooking vessel, and the rate
of flow of the gas were the major factors (Shrestha, 2001). Studies further concluded that
increasing the efficiency of the cooking systems is possible by using burners with optimum design,
using vessels with flat bottoms, operating at flow rates that provide the highest efficiency, and
using a porous burner (Khan, Saxena, & Katiyar, 2015). The calorific value of the fuel is a major
factor for calculating the efficiency of a stove. The calorific value of the fuel varies due to
composition, ways of fuel extraction, and contamination with different substances (Saleh, 2008).
Various researches had been done to determine the calorific value of LPG. According to Agarwal,
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Anand, and Gupta (2015), the calorific value was 46.1MJ/kg. The calorific value of 49.0 MJ/kg and
45.8 MJ/kg was reported by Zhang et al. (2000) and Smith et al. (2000), respectively.
WBT is developed to provide details about the time required to boil water and the thermal
efficiencies of cookstoves (WHO, 2014). There are various protocols available for conducting the
WBT (IS 4246:2002) (Agarwal et al., 2015). Shen et al. (2018) also reported a different procedure
for the WBT. One of the main challenges with this test protocol is that different procedures can be
used by different users (Chen et al., 2016). The important feature of LPG is that its stove efficiency
of about 55–60% is much higher than that of many other stoves. The thermal efficiency of the LPG
cooking stove with regular cast iron burner head available in the market showed an efficiency of
47–49% (Khan et al., 2015).
The combustion of LPG in air usually produces emissions that are known to be hazardous to
human health and climate (Waheed, Baek, Javed, & Kristiyanto, 2015). The main purpose for
combustion of LPG in cookstoves is to release all the heat in the fuel (Panigrahy et al., 2016).
Good combustion is achieved by maintaining high temperature to ignite the fuel, adequate mixing
of oxygen and LPG, and sufficient residence time for combustion (Roden et al., 2009).
National efforts are directed to the usage of clean fuels, such as LPG, for cooking with a view to
reduce indoor air pollution and improve the quality of air and human health protection. Consumption
of LPG in Nigeria has increased due to its availability in some major parts across the country, and this
will have an environmental impact on indoor air quality, and its implications as regards various air
pollutants from the combustion of LPG during household cooking needed to be evaluated. Improved
adoption of LPG for cooking in Nigeria has resulted in the presence of different burners in the country.
However, the indoor air quality implications of these burners are yet to be established. Hence, this
study identified common domestic burners available in Nigeria markets and characterized gaseous
air pollutants from the combustion of LPG. These are considered necessary in order to evaluate the air
quality implication of the use of LPG as a source of household cooking energy.
2. Methodology
2.1. Burners identification and collection
Market survey was carried out to identify common burners available in the Nigeria market. The
burners were assembled at the Environmental Engineering Research Laboratory, Department of
Chemical Engineering, Obafemi Awolowo University, Ile-Ife, Nigeria. Common burners in the
Nigerian market were identified based on their material of construction, the number of ports
(hole), and port diameter. Both old and new burners were tested to determine the effect of
deterioration in the performance of a burner. The field test for the burners, which includes kitchen
performance test (KPT), affects the cooking procedures of the households using the burners, which
creates a great challenge for the research work; hence, the burners are assembled into the labora-
tory for the study with exception to burner P.
2.2. Experimental procedure
The E8500 plus combustion analyzer was used for emission characterization in this study. It is
a complete, portable tool for EPA compliance-level emission monitoring of boilers, engines, and
other combustion equipments. This combustion analyzer used has the capability to measure
gaseous emission including hydrocarbons (HCs), carbon monoxide (CO), carbon dioxide (CO2),
oxides of nitrogen (NO, NO2, NOX), sulphur dioxide (SO2), and hydrogen sulphide (H2S).
The experimental design involves the combustion of constant mass of LPG with the identified
burner head in this study. The gas was passed for a certain period to allow uniform inlet pressure
of the gas to the burner head, the stove is switched on, and the combustion analyzer gas sampling
probe is inserted into the combustion zone, with the probe inserted at about 1.5 cm above the
burner head. The concentration of each of the gases is stored in the combustion analyzer from the
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beginning of the combustion process. The experimental procedure was repeated thrice and
average values were reported.
2.2.1. Performance parameters testing
The WBT was used to assess the performance parameters such as thermal efficiency (E), the
firepower (P), and the specific fuel consumption (SC) of the stove.
Thermal efficiency (E) is a ratio of the work done by heating and evaporating water to the energy
consumed by LPG combustion. The thermal efficiency of each burner is calculated using Equation
(1) (Anozie, Bakare, Sonibare, & Oyebisi, 2007);
E ¼ MwCpðT2  T1Þ þMeL
MfEf
 100 (1)
where E is thermal efficiency (%), Mw is the mass of water (kg), Cp is the specific heat capacity of
water at constant pressure and mean temperature of water (J/kgK), T2 is the boiling temperature
(°C),T1 is the initial water temperature (°C), Me is the mass of water evaporated (kg), L is the latent
heat of vaporization of water (kJ/kg), Mf is the weight of fuel burnt (kg), and Ef is the calorific value
of the fuel (MJ/kg).
Firepower (P) is a ratio of the LPG energy consumed by the stove per unit time (in W) during the
test. Also referred to as cooking power, mathematically, it has a unit in KJ/s and expressed as in
Equation (2) (Kshirsagar & Kalamkar, 2014)
P ¼ Mass of LPG consumed alorific value of LPG
Time taken
(2)
Specific fuel consumption (SC) is the ratio of the amount of LPG consumed to the amount of water
boiled for each trial. In this case, specific fuel consumption refers to a measure of the amount of
LPG required to produce 3 kg of boiling water, mathematically expressed as in Equation (3)
(Kshirsagar & Kalamkar, 2014).
SC ¼ LPG consumed
Mass of water boiled
(3)
Combustion efficiency gives the percentage of how effective a heating equipment is able to
convert fuel into useful heat energy. Modified combustion efficiency (MCE, defined as
CO2/(CO2 + CO) on a molar basis) is considered as a proxy for true combustion efficiency
(Shen et al., 2018).
Burning rate is defined as the ratio of LPG consumed to the time taken for combustion (Shen
et al., 2018).
2.2.2. Experimental procedures for WBT
The water boiling procedure used in this study is the standard WBT (Anozie et al., 2007). 3 kg
of water was measured into the aluminium cooking pot; the temperature of the water inside
the pot was taken as the initial temperature with a thermometer. A thermometer (0–100°C)
was used to evaluate the water temperature during experimentation. A stirrer made of
aluminum was used for stirring the water; this is to achieve uniform distribution of heat
and temperature inside the pot. The weight of cooking pot (0.333 kg) and the weight of
water (3 kg) used in the vessel were noted. The initial temperature of water (T1) was also
measured. The weight of cylinder along with fuel (W1) was noted. The burner was lighted
and water was heated with a temperature difference of 70°C from the initial value of the
temperature and stirred continuously for uniformity of temperature until the final tempera-
ture was reached. Then the burner was put off. Again, the weight of the cylinder (W2) was
recorded. Quantity of water evaporated after boiling was determined. The difference in the
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weight of cylinder (W2−W1) gives the mass of LPG consumed for heating water by tempera-
ture (T2−T1). The time at which the water in the pot reached the final temperature was
recorded using a stopwatch. The experiment was carried out under a tripod stand. The
burner head was removed and another one was inserted to the cylinder. The experiment
was repeated three times and the average values were taken as final reading to ascertain
the burner consistency when used in the household setup. The line diagram and experi-
mental setup for WBT are presented in Figure 1 and Plate 1. The uncertainty in the mass of
cylinder used is 3 ± 0.001 kg, mass of water boiled is 3 ± 0.001 kg, and thermometer used is
100 ± 0.1°C.
2.3. Toxicity potential of emission by tested burners
Toxicity potential (TP) is a quantitative toxic equivalency introduced to express the potential
harm of a unit of air pollutants released into the immediate environment. It is expressed as
the ratio of measured pollutants concentration to the statutory limit of concentration (Fakinle
et al., 2018; Fakinle, Sonibare, Akeredolu, Okedere, & Jimoda, 2013). The TP helps in assessing
the effects of the emission of air pollutants from the combustion of LPG in the indoor
environment on human health. It is calculated using Equation (4), given the consideration
to the standard set for stationary source of emission by the Federal Ministry of Environment
(FMEnv) standards as presented in Table 1.
Toxicity potential ¼ Measured concentration of pollutants
Stationary limit set for each pollutant
(4)
The upper limits of the standard were used for computing the TP of NOx and SO2, which gives
a better representation of the TP values of the two pollutants.
3. Results
3.1. Identified common burners in the Nigerian market
The common burners identified in this study (Table 2) are found to be of different materials of
construction, different numbers of ports, and different port diameters. The burner heads are made
of cast iron, brass, and stainless steel (Plate 2 and Plate 3).
Figure 1. The water boiling test
experiment (adapted from Khan
et al., 2015).
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3.2. Emission characteristic of the burners
The measured average and standard deviation values for air pollutants recorded from the
experiment of LPG combustion are presented in Table 3. The graphical representation is also
presented in Figure 2.
As presented in Table 4, the TP of burners was tested using the FMEnv standard for stationary
source. The TP was ranged from 0.3 to 51.33 for CO, 0.05 to 0.80 for NOx, 1.98 to 83.52 for HC, and
0 to 0.0006 for SO2.
The computed performancemetrics of the identified burners from theWBT as presented in Table 5
suggest that the differences in burner design, material, and diameter of port across the 15 burners
a 
b
c 
Plate 1. Experimental setup for
water boiling test (WBT).
Table 1. Emission limits for specific pollutants from a stationary source
Pollutants Limits (mg/m3)
Carbon monoxide 10
Hydrocarbon 50
Oxides of nitrogen 350–1000
Sulphur dioxide 30–3000
Source: FMEnv (FEPA, 1991).
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during the experiment may be important factors affecting the observed differences in the thermal
efficiency, firepower, specific fuel consumption, burning rate, and combustion efficiency.
For all tests in the WBT experiment, the range of thermal efficiencies was 52–79%, 0.86–1.89 KJ/s
for stoves firepower, 0.484–0.719 MJ/kg for the specific fuel consumption, 1.480–4.091 g/min for rate
of burning, and 77.2–99.8% for the MCE for all stoves tested. However, the overall mean and
standard deviation for thermal efficiency was 66.267 ± 7.218%, for firepower was 1.503 ± 0.300
KJ/s, for specific fuel consumption was 0.578 ± 0.059, for burning rate was 3.149 ± 0.835, and for
combust7ion efficiency was 92.113 ± 7.072. The mean and standard deviation of time taken to boil
the water was 13.400 ± 4.339 min, and the water evaporated during the study was 0.096 ± 0.021 kg.
3.3. Discussion on results
The main composition of exhaust gas emission from the LPG combustion air flames in this study is
CO, CO2, HC, NOX, NO, NO2, and SO2. Carbon monoxide monitoring will remain a useful tool in the
A B C
D E F
G H I
J 
K
L 
Plate 2. Single burners
assembled for the experiment.
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qualitative ranking of households in terms of emission levels (Ezzati, Saleh, & Kammen, 2000).
Emission of CO might result from combustion due to low combustion temperature, moisture
content, insufficient oxygen, poor mixing of fuel with combustion air, and short residence time
of combustion gas in the combustion zone (Tissari, Hytönen, Sippula, & Jokiniemi, 2009). In this
study, it was observed that burnersM, N,and O made in China have the least emission concentra-
tion of air pollutants. However, burners B and D made in China were of high concentrations due to
incomplete combustion as they are old burners. Burner E was made in India; it was observed to
have a lower concentration of emissions for air pollutants. Burners (A, B, F, G, H, J, K, and L) made
in Italy were observed to have the highest concentrations of pollutants emitted (Table 3). Burners
made in China and India have lower concentrations of air pollutants compared to those made in
Italy. The effect of burner’s material of construction on emissions was considered in this study. It
was observed in the study that burners made of brass and cast iron were observed to have a lower
emission of air pollutants, while burners made of stainless steel were observed to have a higher
concentration of air pollutants. The effect of the number of ports and port diameter was also
M 
N 
P 
O 
Plate 3. Single, double, and
high-pressure burner.
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Figure 2. Comparison of the
measured average concentra-
tions of gaseous emissions of
air pollutant from different
burners tested.
Table 3. Measured mean and standard deviation for the concentration of air pollutants from
LPG cookstoves
Burners CO (mg/m3) NOx (mg/m3) HC (mg/m3) SO2 (mg/m3) CO2 (mg/m3)
A 191.5 ± 108.5 411 ± 235.5 1,033 ± 347 4 ± 0.83 3,592 ± 1,133
B 103.5 ± 78 801.5 ± 498.5 216 ± 42 0 1,792 ± 0
C 530 ± 109.5 258.5 ± 74.5 1,311 ± 428 0 1,792 ± 0
D 319.5 ± 264.5 48 ± 5.5 422 ± 86 0 1,792 ± 0
E 48.5 ± 26.5 2.5 ± 64.5 206 ± 49 0 1,792 ± 0
F 421 ± 80 266.5 ± 140 189 ± 72 0 3,592 ± 1,133
G 275.5 ± 66.5 662.5 ± 62.5 1,545 ± 394 0 1,792 ± 0
H 309 ± 25.5 464.5 ± 218.5 916 ± 289 0 1,792 ± 0
I 7 ± 1 192.5 ± 86.5 251 ± 125 0 1,792 ± 0
J 257.5 ± 70 391 ± 26 377 ± 94 0 1,792 ± 0
K 513.3 ± 75 452.5 ± 44.5 386 ± 102 0 3,592 ± 1,133
L 50 ± 10 177 ± 103 143 ± 67 2 ± 1 1,792 ± 0
M 5 ± 1 100 ± 26 99 ± 25 0 1,792 ± 0
N 4.5 ± 2 49.5 ± 12 153 ± 63 0 1,792 ± 0
O 3 ± 1 87.5 ± 24 144 ± 34 0 1,792 ± 0
P 373.5 ± 123 675.5 ± 543.5 4,176 ± 1,046 0 2,325 ± 533
CO: carbon monoxide; NOX: oxides of nitrogen; HC: hydrocarbons, SO2: sulphur dioxide; CO2: carbon dioxide.
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considered on the emission of air pollutants by each burner. It was observed that the single
burners with the highest number of ports have fewer emission concentration levels and higher
combustion efficiency. Burners M and N with 29 ports and 0.2 cm for each were observed to have
the lowest emission concentrations for air pollutants with a combustion efficiency of 99.7% and
99.8%, respectively. Burner O also has lower emission concentration for air pollutants with a
combustion efficiency of 99.8%. It is observed that the higher the combustion efficiency, the
higher the number of ports and lower emission concentrations of air pollutants associated with
LPG combustion.
The results obtained in this study are compared with emission limits for specific pollutants from
stationary sources by FMEnv as presented in Table 3. It was observed that only burners I, M, N, and
O met the limit set for CO, while burners A, B, C, D, E, F, G, H, J, K, L, and P were observed to breach
the standard limit set for CO. Emission of NO for all the burners met the stationary source standard
limit. However, HC for all burners breached the limit set for the standard emission. SO2 was below
the lower limit of the standard.
Burner C has the highest concentration of CO value of 530 mg/m3, with burner O having the
lowest value of 3 mg/m3. During the experiment of this study, both yellow and blue flames were
observed. The blue flame was observed during the testing of all burners and the yellow flame was
observed for burners D, E, F, G, J, and L due to incomplete combustion and aging of the burners.
Most of the burners with yellow flame were old burners and observed to have a higher concentra-
tion of CO emission, which shows that the age of a burner also determines its emission level. The
intermediate product CO is more likely to be converted to the CO2 provided enough oxygen is
available at relatively high temperature. It was found that by using a higher power level (fire-
power), CO2 emission increases. This is due to the increase of fuel rate leading to higher carbon
conversion at a higher power level.
Emission of NO, NO2, and NOx also varied differently among the burner tested; they might be
from the elemental nitrogen content of the fuel (Werther, Saenger, Hartge, Ogada, & Siagi, 2000)
Table 4. Computed toxicity potential from measured concentration for different burners
Burners CO (FMEnv) NOx (FMEnv)
upper limit
HC (FMEnv) SO2 (FMEnv)
A 19.15 0.41 20.66 0.001
B 10.35 0.80 4.32 0.00
C 53.00 0.26 26.22 0.00
D 31.95 0.05 8.44 0.00
E 4.85 0.15 4.12 0.00
F 42.10 0.27 3.78 0.00
G 27.55 0.66 30.90 0.00
H 30.90 0.47 18.32 0.00
I 0.70 0.19 5.02 0.00
J 25.75 0.39 7.54 0.00
K 51.33 0.45 7.72 0.00
L 5.00 0.18 2.86 0.001
M 0.50 0.10 1.98 0.00
N 0.45 0.05 3.06 0.00
O 0.30 0.09 2.88 0.00
P 37.35 0.68 83.52 0.00
FMEnv: Federal Ministry of Environment; CO: carbon monoxide; NOX: oxides of nitrogen; HC: hydrocarbons, SO2: sulfur
dioxide.
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and also from nitrogen present in the combustion air. It was observed in this study that as the
ambient air and temperature in the combustion zone increases, the formation of NO and NOx
increases. NO emission increases due to the higher temperature of the flue gases caused by higher
heat release rate at a higher power level.
Emission of HC was observed to be highest in the burner with a yellow flame. It was also found
that the unburnt HC emission level also increases with the power level. Emissions of SO2 were
observed in burners A and L; this is because the sulfur level in the LPG combusted is comparatively
very low. Emission concentration of air pollutants from the burners tested was mostly below the
set standard permitted, except for HC that breaches all standard limit set for a stationary source
by the FMEnv. Hence, LPG cookstove in Nigeria could serve as a source of cooking energy with
sustainable health and environmental effect.
The coefficient of variations (COVs) for the emission concentration for all tested burners in this
study were in the range of 8–75% for CO, 7–80% for NOx, and 20–47% for HC as presented in Table 6.
This shows that the emission concentration varied between the burners tested. The higher the COV,
the greater the level of dispersion around the mean value, and the lower the COV, the more precise
the estimate is.
TP value that is above unity poses a great concern to human health and immediate
environment in the indoor where such is detected. Using the FMEnv standard as presented
in Table 1, the upper limits of the standard were used for computing the TP of NOx and SO2,
which gives a better representation of the TP values of the two pollutants. Table 4 shows that
burners I, M, N,and O were below unity and burners A, B, C, D, E, F, G, H, J, K, L, and P were all
above unity for CO. For NOx all burners indicate TP values that are below unity; however, the
TP value for HC was above unity for all tested burners and its value for SO2 was below unity.
The mean and standard deviation of thermal efficiency in this study was 66.267 ± 7.218%,
meeting guidelines for the highest tier level (Tier 4) under the International Organization for
Standardization (ISO) (IWA, 2012). Thermal efficiencies in this study were in the range 52–79%
Table 6. Coefficient of variance in percentage for tested burners
Burners CO NOx HC SO2
A 57 57 34 21
B 75 62 19 0
C 21 29 33 0
D 83 11 20 0
E 55 42 24 0
F 19 53 38 0
G 24 9 26 0
H 8 47 32 0
I 14 45 50 0
J 27 7 25 0
K 15 10 26 0
L 20 58 47
M 20 26 25 0
N 44 24 41 0
O 33 27 24 0
P 33 80 25 0
CO: carbon monoxide; NOX: oxides of nitrogen; HC: hydrocarbons, SO2: sulfur dioxide.
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which was similar to or somewhat higher than the range of reported values of 46–62% tested
across five stoves (Shen et al., 2018). MacCarty, Still, and Ogle (2010), Smith et al. (2000), and
Zhang et al. (2000) also reported that thermal efficiencies were in the range of 42−54%, which
were somewhat lower than what is obtained in present study. Cooking vessels used in both
previous and present study were flat-bottomed pot made of stainless steel. Figure 3 shows the
comparison of thermal efficiencies with other studies. The differences observed could be as
a result of different compositions of LPG, stove power level, and stove conditions. The effect of
material selection on thermal efficiency was also studied in this study, and it was observed that
burners of the same characteristics and specifications made of brass have higher efficiency than
those of stainless steel and cast iron (brass > stainless steel > cast iron). Yunus & Saxena (2013)
reported a 4% increase when brass head was replaced with cast iron. Burners made of brass
material were better conductors of heat than those of stainless steel and cast iron. Burners made
with stainless steel were found to have higher thermal efficiencies than those made of iron. The
ambient temperature during the experiment in this study was between 29°C and 31°C. It was
observed that, in this study, the thermal efficiency increases as the ambient temperature
increases. Muthukumar, Anand, and Sachdeva (2011) also reported the same in their study.
Specific fuel (energy) consumption is a more reliable indicator of cookstove performance
than thermal efficiency (Kshirsagar & Kalamkar, 2014). It was observed in this study that as
thermal efficiencies increases, the specific fuel consumption decreases, which shows that
there is an inverse relationship between the two stove performance parameters. Comparing
with (IWA 2012) standard, the specific fuel consumption meets the lowest tier level (Tier 0).
MCE is seen as an approximation to true combustion efficiency. It was, however, observed in
the present study that the lower the concentration of CO, the higher the MCE, and vice versa.
Burners with blue flame were observed with higher MCE due to better combustion.
Thermal efficiency, firepower, burning rate, and combustion efficiency varied significantly
among the 15 burners used during the test as presented in Table 5. Firepower correlated
positively with the fuel burning rate (r = 0.928, P < 0.01); however, the correlation between
the two parameters correlates negatively with thermal efficiency (r = −0.579 and r = −0.831,
respectively, P < 0.01). Specific fuel consumption correlates negatively with thermal efficiency
(r = −0.892, P < 0.01). Combustion efficiency was seen to have a positive correlation with
thermal efficiency (r = 0.304, P < 0.01)
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4. Conclusions and recommendation
The study provides adequate information on gaseous air pollutants associated with the combustion
of LPG and performance metrics of common burners identified in the Nigeria market based on the
material of construction, number of port, and port diameter. Several laboratory tests were carried out
on these burners, and their emission was characterized using E-8500 combustion analyzer. Results
obtained in this study could further encourage and increase the confidence of both government and
private agencies on the ongoing LPG intervention programs across the country.
This study data will provide useful information on the impacts of LPG interventions on indoor and
outdoor air quality in Nigeria. This is expected to influence the country policy on indoor air quality
regulation. The use of LPG cookstoves, compared to solid fuel stoves, provided a significant
decrease in the concentration of air pollutants, and this led to the improvement in indoor air
quality. The study confirmed that high thermal efficiency and low emission of air pollutants from
LPG cookstoves, material of construction of burners, and burner’s age also affect the level of
emission. There is a need for future study on LPG cookstoves which should include both field and
further laboratory experiment. Different compositions of LPG and minor constituents should be
investigated to ascertain its effect on the level of emission. The effect of operating the cookstove
at both higher and lower power levels on air pollutants should also be investigated. The govern-
ment and private companies should subsidize the price of LPG across the country as this will
encourage more acceptances from the user.
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